levels in narrow ranges is vital to vertebrate animals. Since seawater (SW) teleosts are loaded with excess K ϩ , they constantly excrete K ϩ from the gills. However, the K ϩ regulatory mechanisms in freshwater (FW)-acclimated teleosts are still unclear. We aimed to identify the possible K ϩ regulatory mechanisms in the gills and kidney, the two major osmoregulatory organs, of FW-acclimated Mozambique tilapia (Oreochromis mossambicus). As a potential molecular candidate for renal K ϩ handling, a putative renal outer medullary K ϩ channel (ROMK) was cloned from the tilapia kidney and tentatively named "ROMKb"; another ROMK previously cloned from the tilapia gills was thus renamed "ROMKa". The fish were acclimated to control FW or to high-K ϩ (H-K) FW for 1 wk, and we assessed physiological responses of tilapia to H-K treatment. As a result, urinary K ϩ levels were slightly higher in H-K fish, implying a role of the kidney in K ϩ excretion. However, the mRNA expression levels of both ROMKa and ROMKb were very low in the kidney, while that of K ϩ /Cl Ϫ cotransporter 1 (KCC1) was robust. In the gills, ROMKa mRNA was markedly upregulated in H-K fish. Immunofluorescence staining showed that branchial ROMKa was expressed at the apical membrane of type I and type III ionocytes, and the ROMKa immunosignals were more intense in H-K fish than in control fish. The present study suggests that branchial ROMKa takes a central role for K ϩ regulation in FW conditions and that K ϩ excretion via the gills is activated irrespective of environmental salinity. potassium; Kir1.1; osmoregulation; Oreochromis mossambicus; freshwater adaptation FRESH WATER (FW)-INHABITING fish face diffusional ion loss and water load, whereas seawater (SW)-inhabiting fish suffer ion gain and dehydration. To overcome these osmotic problems, FW fish absorb external ions through the gills, while discharging excess water by producing dilute urine in the kidney. On the other hand, SW fish drink seawater, absorb salt and water in the intestine, and actively excrete excess salt through the gills, while producing a modest amount of divalent ion-rich isosmotic urine (30) . In the gills and embryonic skin of teleost fish, there are ionocytes, or mitochondrion-rich cells, which are rich in Na ϩ /K ϩ -ATPase (NKA) in the basolateral membrane and are responsible for active ion transport (6, 26, 27) . Recently, the mechanisms of active ion absorption in the ionocytes have become increasingly clear (21) . In a euryhaline teleost, Mozambique tilapia (Oreochromis mossambicus), ionocytes are categorized into two ion-absorbing types, one ion-excreting type, and one type without a known function (17, 22 Whereas molecular mechanisms underlying Na ϩ and Cl Ϫ transport are now well understood, it is still largely unknown how fish maintain plasma K ϩ levels. Because of active transport of K ϩ by NKA, most K ϩ is confined in the cells (140 to 150 mM), and plasma K ϩ levels are as low as 3.5-5 mM (36). Since the chemical gradient of K ϩ is the pivotal factor that creates membrane potential of the cells, the regulation of plasma K ϩ levels is critical in all vertebrates. Recently, the K ϩ excretory mechanism was investigated in SW-acclimated tilapia, and it became clear that the gill ionocytes excrete K ϩ through an apically expressed renal outer medullary K ϩ channel (ROMK) (10), whose ortholog was originally found in the rat kidney (19) . However, the mechanisms of K ϩ regulation in FW fish were still poorly understood, since FW fish possess different types of ionocytes from SW fish. Also, the kidney may take important roles for K ϩ regulation because FW fish excrete a considerable amount of urine for osmoregulation. Although FW fish usually reduce diffusional loss of K ϩ through the integument (5), it appears still important to have K ϩ excretory mechanisms in preparation for risks of temporal plasma K ϩ overload, such as eating K ϩ -rich food, metabolic acidosis, and tissue breakdown (4, 41) .
To understand the K ϩ regulatory mechanisms in FW fish, in the present study, we assessed the physiological responses of FW fish to high-K ϩ (H-K; 10 mM KCl) FW environment, focusing on the kidney as well as the gills. As a possible candidate of K ϩ handling in the kidney, a cDNA fragment coding for a putative paralogous product of ROMK was cloned. After 1 wk exposure to normal or H-K FW, mRNA levels of the molecular candidates of K ϩ handling were examined in the gill and kidney, and gill ROMKa was assessed by immunohistochemistry. The results suggested the active excretion of K ϩ via apical ROMKa in the gill ionocytes of FWacclimated tilapia in response to H-K stress, and the possible involvement of kidney K ϩ
/Cl
Ϫ cotransporter 1 (KCC1) in renal K ϩ handling in tilapia. kidney. The kidney was removed from FW-acclimated tilapia, and total RNA was extracted from the kidney with Isogen (Nippon Gene, Tokyo, Japan). First-strand cDNA was synthesized from the total RNA with SuperScript III (Life Technologies, Carlsbad, CA), and a cDNA fragment of ROMKb was amplified by degenerate PCR with the primers used to clone ROMKa from tilapia gills (10) ( Table 1) . The PCR products were ligated into pGEM T-Easy vector (Promega, Madison, WI) and sequenced using an ABI Prism 310 sequencer (Life Technologies). A phylogenetic tree was constructed for deduced amino acid sequences of tilapia ROMKa and ROMKb, along with human inwardly rectifying K ϩ channel (Kir) families, zebrafish (Danio rerio) homolog of Kir1.1 (Kcnj1) (1), and eel Kir (eKir) (34), using CLUSTAL W program and neighbor-joining method. For more detailed insight into phylogenetic relationship among ROMKs of various species, another phylogenetic tree was constructed with amino acid sequences of sea lamprey (Petromyzon marinus), zebrafish, Atlantic cod (Gadus morhua), Japanese medaka (Oryzias latipes), stickleback (Gasterosteus aculeatus), Nile tilapia (Oreochromis niloticus), pufferfish (Takifugu rubripes), western clawed frog (Xenopus tropicalis), rat, and human, with human Kir2.1 and Kir2.4 assigned to the outgroup. The amino acid sequences of putative ROMK homologs were obtained from Ensembl database (http://www.ensembl.org/index.html).
MATERIALS AND METHODS

Experimental
Tissue distribution analysis of ROMKb mRNA. The tissue distribution pattern of ROMKb mRNA expression in tilapia was analyzed by RT-PCR, using the first-strand cDNA obtained from the brain, gill, heart, stomach, liver, kidney, anterior and posterior intestines, rectum, skin, and muscle. Tissues from both FW-and SW-acclimated tilapia were analyzed. The PCR was performed with TaKaRa Ex Taq Hot Start Version (Takara Bio, Shiga, Japan), through the following conditions: 94°C for 3 min; 37 cycles of 94°C for 30 s, 62°C for 30 s, and 72°C for 30 s; 72°C for 7 min. The cDNA fragments were amplified with primers listed in Table 1 . The PCR products were electrophoresed on a 3% agarose gel and stained with ethidium bromide.
Acclimation to fresh water with high K ϩ concentration. To understand the physiological response of the FW-acclimated fish to high-K ϩ stress, FW-acclimated tilapia (93-180 g) were transferred to a 100-liter tank, containing either control FW (in mM: 0.84 Na ϩ , 0.10
, and acclimated for 1 wk. The H-K FW was prepared by adding 10 mM KCl to control FW (dechlorinated tap water), which has increased body K ϩ load in trout (11) . Both groups consisted of six individuals. From 2 days prior to the experiment, the fish were not fed to avoid any effect of electrolytes in the feed. Concentrations of Na ϩ , Cl Ϫ , K ϩ and Ca 2ϩ in experimental media were determined with an ion analyzer (IA-200; TOA-DKK, Tokyo, Japan) and a digital chloridometer (Labconco, Kansas, MO) after 1 wk of acclimation.
Plasma and urine ion concentrations and plasma osmolality. Plasma and urine concentrations of Na ϩ , K ϩ and Cl Ϫ and plasma osmolality were measured in tilapia acclimated to experimental conditions. After anesthetizing the fish, blood was collected from the caudal vessels with a heparinized syringe and needle, and the urine was taken from the urinary bladder with a syringe and needle. Blood plasma was separated by centrifugation at 5,000 g for 10 min and stored at Ϫ20°C. Concentrations of Na ϩ and K ϩ in plasma and urine, and Cl Ϫ in the urine were measured with the IA-200 ion analyzer. Plasma Cl Ϫ concentration was determined with the digital chloridometer, and plasma osmolality with a vapor pressure osmometer (Vapro 5520; Wescor, Logan, UT).
Quantitative real-time PCR. The mRNA levels of several ion transporters or channels were assessed: ROMKa (GenBank accession no. AB669173), ROMKb (AB771746), Maxi-K ␣ subunit (AB669174), KCC1 (AB669175), KCC4 (AB669177), NHE3 (AB326212), NKA␣1a (GR645170 and GR644771), NKA␣1b (U82549), and NKCC2 (AY513739) in the gills and kidney; NCC2 from the gills and kidney of experimental fish with Isogen (Nippon Gene) and reverse-transcribed with SuperScript III (Life Technologies). The copy numbers of the transcripts were calculated with reference to parallel amplifications of known concentrations of the respective cloned PCR fragments. The specificity of the PCR was checked by melting-curve analysis. The data were normalized to the corresponding 18S rRNA levels. The primers used are listed in Table 1 .
Western blot analysis. The gills were isolated from tilapia (ϳ100 g) acclimated in FW, H-K FW, SW, and homogenized in 10 volumes of lysis buffer [150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 tablet of Complete, Mini, EDTA-free (Roche Applied Science, Penzberg, Upper Bavaria, Germany) per 10 ml lysis buffer] using a sonicator (UR-20P, Tomy Seiko, Tokyo, Japan), and left on ice for 30 min to lyse cells completely. The lysates were centrifuged at 4,000 g for 5 min at 4°C to remove debris, and the supernatant was collected for Western blot analysis. An equal amount (30 g each) of protein samples from three individuals in a group were pooled together, and then separated by SDS-PAGE, using 12% Mini-PROTEAN TGX Precast Gel (Bio-Rad, Hercules, CA). After electrophoresis, the protein was transferred from the gel to a PVDF membrane (Immobilon-P Transfer membrane; Merck Millipore, Billerica, MA) with CAPS buffer (10 mM CAPS, 0.05% SDS, pH 11). After blocking with blocking buffer [5% skim milk in 20 mM Tris-buffered saline containing 0.1% Tween-20 (TBST)] for 30 min at room temperature, the membrane was incubated with anti-tilapia ROMKa antibody (raised against tilapia ROMKa, affinity-purified) (10) diluted 1:1,000 with blocking buffer overnight at 4°C. After rinsing with TBST, the membrane was incubated with HRP-conjugated anti-rabbit IgG (Cell Signaling Technology, Beverly, MA) diluted 1:5,000 with blocking buffer for 3 h at room temperature. The immunoreactive band was detected by chemiluminescent reaction using EzWestLumi One (Atto, Tokyo, Japan).
Triple-color immunofluorescence staining. The gill arches were dissected out from FW tilapia, fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4) for 24 h at 4°C, and stored in 70% ethanol. After a brief wash in 0.01 M PBS containing 0.2% Triton X-100 (PBST), the gill filaments were incubated in PBST, 10% normal goat serum, 0.1% BSA, 0.02% keyhole limpet hemocyanin, and 0.01% sodium azide (NB-PBS) for 30 min to block nonspecific binding sites. The filaments were first stained for ROMKa, NCC2, and NKA. The filaments were incubated overnight at 4°C with T4 (obtained from the Developmental Studies Hybridoma Bank, Iowa City, IA) (29) and anti-NKA (NAK121) (39) both diluted 1:500 in NB-PBS. T4 is known to detect apically localized NCC2 in type II ionocytes of FW-acclimated tilapia, while staining basolaterally localized NKCC1a in type IV ionocytes of SW-acclimated tilapia gills (16, 17, 23, 24) . After a brief wash in PBST, the gills were incubated overnight at 4°C with goat anti-mouse IgG labeled with Alexa Fluor 405 and goat anti-rabbit IgG labeled with Alexa Fluor 555 (Life Technologies) diluted 1:1,000. The samples were washed in PBS, postfixed in 4% PFA for 15 min, and then incubated with antiROMKa diluted 1:1,000, which was labeled with Alexa Fluor 488 by using Zenon Labeling Kit (Life Technologies). Triple-color immunofluorescence staining for ROMKa, NHE3, and NKA was also conducted. In brief, the samples after blocking were incubated with anti-NHE3 (40) diluted 1:500 overnight at 4°C. After a brief wash in PBS, the gill filaments were incubated overnight at 4°C with goat anti-rabbit IgG labeled with Alexa Fluor 405 (Life Technologies) diluted 1:1,000 in PBS. The samples were washed in PBS, postfixed in 4% PFA, and then incubated overnight at 4°C with Alexa Fluor 488-labeled anti-ROMKa and Cy3-labeled anti-NKA, both diluted 1:500 in NB-PBS.
Because SW-acclimated tilapia exhibits different types of ionocytes, precise classification of ionocytes needs an investigation in these fish. Therefore, we also subjected the gill filaments of SWacclimated tilapia to triple-color immunofluorescence staining for NKA/ROMKa/CFTR and NKA/ROMKa/NKCC1a. The SW-acclimated tilapia (ϳ100 g) were anesthetized, and the gills were removed and fixed following the same protocol as FW-acclimated tilapia samples. Briefly, the samples were subjected to blocking, and incubated overnight at 4°C with anti-NKA and T4 or anti-human CFTR (MAB25031; R&D Systems, Boston, MA) antibodies, all diluted 1:500. After a brief wash in PBS, the gill filaments were incubated overnight at 4°C with goat anti-rabbit IgG labeled with Alexa Fluor 555 and goat anti-mouse IgG labeled with Alexa Fluor 405 diluted 1:1,000 in PBS. The samples were washed in PBS, postfixed in 4% PFA, and then incubated overnight at 4°C with anti-ROMKa labeled with Zenon Alexa Fluor 488 diluted 1:500 in NB-PBS.
The samples were observed with a confocal laser scanning microscope (C1; Nikon, Tokyo, Japan). The wavelengths of excitation and recorded emission for each dye were as follows: Alexa Fluor 555 and Cy3, 543 nm and 572.5-637.5 nm; Alexa Fluor 488, 488 nm, and 500 -530 nm; and Alexa Fluor 405, 405 nm, and 432.5-467.5 nm.
Statistics. The data from the acclimation experiment were expressed as means Ϯ SE. The significance of differences between treatment groups at P Ͻ 0.05 was examined by Student's t-test. Data are expressed as means Ϯ SE (n ϭ 6 -7). FW, freshwater; H-K, high-K ϩ . *Significant difference from control fish (P Ͻ 0.05).
RESULTS
Phylogenetic analysis and tissue distribution patterns of tilapia ROMKb.
By degenerate PCR, we amplified a cDNA fragment of ROMKb, a putative paralogous product of ROMKa. The deduced amino acid sequence of ROMKa (AB669173) and ROMKb (AB771746) showed 74% identity with each other. The sequence of tilapia ROMKb was assigned to the Kir1.1 clade in the phylogenetic tree, together with a zebrafish homolog of ROMK, Kcnj1 (Fig. 1) . In the detailed tree of putative ROMK homologs (Fig. 2) , fish ROMKs were separated into two major clades. In addition to a well-characterized homolog of Kcnj1 (1), zebrafish have six putative ROMK homologs, five of which formed a clade with Kcnj1. In the tissue distribution analysis, mRNA expression of ROMKb was found in all tissues of both SW-and FW-acclimated fish (Fig. 3) .
Ion concentrations and osmolality of plasma and urine. After 1-wk acclimation of tilapia to H-K FW, plasma levels of all ions measured and osmolality were not significantly different from those of control FW (Table 2 ). In the urine, K ϩ concentration was significantly elevated in H-K FW fish (Table  2) . Urine Na ϩ and Cl Ϫ concentrations were not significantly different between the two groups.
mRNA levels of ion transporters and channels in the gill and kidney. The mRNA levels of the following transporters and channels were assessed in tilapia acclimated to control FW and H-K FW: ROMKa, ROMKb, Maxi-K ␣ subunit, KCC1, KCC4, NHE3, NKA␣1a, NKA␣1b, and NKCC2 in the gill and kidney; NCC2 and NKCC1a in the gill (Fig. 4) . Gill ROMKa mRNA levels changed most markedly in response to H-K condition, being ϳ5 times that of control FW fish (Fig. 4) . For the other channels and transporters, there was no significant difference between control FW and H-K FW groups, although gill NKA␣1a mRNA tended to be lower (P ϭ 0.084) in H-K FW fish (Fig. 4) .
Western blotting and triple-color immunofluorescence microscopy. The protein expression of ROMKa was assessed in the gills of FW and H-K FW by Western blot analysis (Fig. 5) . The immunoreactive bands of ROMKa were found near 37-40 kDa in the samples of H-K FW and SW, while the corresponding band was difficult to confirm in FW sample (Fig. 5) .
The gill filaments of control FW and H-K FW fish were also subjected to two combinations of triple-color immunofluorescence staining for NKA, ROMKa, and NCC2 (Fig. 6A) ; and NKA, ROMKa, and NHE3 (Fig. 6, B and C) . In both fish groups, NKA immunosignals revealed the distribution of ionocytes (Fig. 6, A and B) . In control FW fish, weak immunosignals of ROMKa were detected in some ionocytes (Fig. 6, A and  B) . In H-K FW fish, ROMKa immunosignals were more intense than in control FW fish (Fig. 6, A and B) . The immunosignals of NCC2 and NHE3 were also detected in both groups (Fig. 6, A and B) . In the merged images, the signals of ROMKa were not colocalized with those of NCC2 (Fig. 6A ) but with those of NHE3 (Fig. 6B) at the apical membrane of the ionocytes. In magnified views of ionocytes expressing ROMKa with NHE3, the signals of ROMKa and NHE3 were detected at the apical opening of the ionocyte, as clearly shown by on the X-Z images (Fig. 6C, type III) . In addition, some ROMKapositive small cells lacked NHE3 signals, although they were rarely found (Fig. 6C, type I) .
In SW fish, the gill filaments were subjected to two combinations of triple-color immunofluorescence staining for NKA, ROMKa, and CFTR (Fig. 7A) ; and NKA, ROMKa, and NKCC1a (Fig. 7, B and C) . The immunosignals of ROMKa and CFTR were detected in a similar pattern in the same NKApositive ionocytes (Fig. 7A) . Apically expressed ROMKa was also detected in ionocytes that were immunoreactive to both NKCC1a and NKA (Fig. 7B) . Similar to FW fish, a small population of only NKA-and ROMKa-positive ionocytes was found (Fig. 7, A and C) .
DISCUSSION
Our previous study revealed that the gills are the primary site of K ϩ excretion in SW-acclimated fish and that ROMKa expressed in the gill ionocytes was responsible for K ϩ excretion (10). In the study above, however, a possible role of the kidney in K ϩ regulation was not assessed, because SW fish do not actively excrete K ϩ into urine (14, 32, 33) . In the present study, we used Mozambique tilapia acclimated to FW, where the fish produce a large amount of urine to eliminate excessive water.
Effects of H-K treatment on plasma and urine K ϩ . To understand the K ϩ regulatory mechanisms of FW-adapted fish, we investigated the responses of the fish exposed to high external K ϩ concentration. Although the H-K FW environment contained 10 mM KCl, those fish showed physiological levels of plasma ions and osmolality. This fact indicates that the fish could be successfully acclimated to the H-K FW environment within 1 wk and that not only SW fish but also FW fish have mechanisms to eliminate excess K ϩ . Urine K ϩ levels in H-K fish were significantly higher (1.4-fold) than those in control FW fish, implying a partial contribution of the kidney to elimination of excess K ϩ . It should be noted, however, that increased K ϩ concentration in the urine (1.94 mM) was still lower than plasma K ϩ concentration (3.83 mM) in H-K fish. Thus, it is unclear whether reabsorption or excretion rate of urinary K ϩ was altered. Further studies with a radioactive tracer will be necessary to elucidate an actual K ϩ flux rate and a contribution of the kidney to K ϩ regulation. The possible roles of the kidney in K ϩ regulation are discussed below, with reference to the ion transporters expressed in the kidney. 
Tilapia ROMKa and ROMKb in different clades.
To assess the possible role of ROMK in the kidney of tilapia, we cloned a cDNA fragment corresponding to a putative paralog of tilapia ROMKa. On the basis of the similarity to ROMKa and human Kir1.1, and on the phylogenetic relationship to the human Kir family, we tentatively named the putative paralog "ROMKb". In a phylogenetic tree of putative ROMK homologs of other vertebrate species, fish ROMKs were divided into two clades, suggesting the result of "fish-specific genome duplication" that occurred ϳ350 million years ago (31) . Surprisingly, zebrafish have seven putative ROMK homologs, six of which form a clade that includes tilapia ROMKa and zebrafish Kcnj1. The six genes coding for these putative ROMK homologs of zebrafish in this clade are on the same chromosome (chromosome 18), all being packed within 67,413 bases in the same orientation. These are probably derived from the tandem gene duplication (28) , and their significance is currently unknown.
High branchial expression of ROMKa mRNA in tilapia exposed to H-K FW. To elucidate molecular pathways underlying K ϩ elimination in FW-acclimated fish, mRNA levels of ROMKa, ROMKb, Maxi-K ␣ subunit, KCC1, KCC4, NHE3, NKA␣1a, NKA␣1b, NCC2, NKCC1a, and NKCC2 in the gills and/or kidney were quantified in control FW and H-K FW fish. Similar to the fish acclimated to H-K artificial SW (10), the fish exposed to H-K FW expressed ϳ5 times higher levels of gill ROMKa mRNA than control fish, suggesting that gill ROMKa is also important for K ϩ excretion in fish in hypoosmotic environments. In the mammalian kidney tubules, ROMK is highly expressed and plays the central roles in K ϩ excretion (42) . In tilapia, on the other hand, the expression level of ROMKa mRNA in the kidney was ϳ1/500 that of the gills. In contrast, ROMKb mRNA was expressed marginally in both gills and kidney, and H-K condition did not alter its mRNA levels. These results indicate that tilapia ROMKs have only a modest role in kidney K ϩ handling. Maxi-K, KCC1, and KCC4 did not show any difference between the experimental groups, which is consistent with the results of SW-acclimated tilapia gills (10) . Interestingly, KCC1 mRNA was highly expressed in the kidney compared with the gills, suggesting its significant role in renal K ϩ /Cl Ϫ handling. A recent study (38) showed that KCC1 was expressed at the apical membrane of the rat lacrimal gland cells. Also, an apical K ϩ /Cl Ϫ excretion activity was detected in distal nephrons of the rat kidney (2). Since K ϩ excretion to the renal tubular lumen is essential to drive apical ion reabsorption through NKCC2 (12) , tilapia KCC1 may be responsible for such a "recycling" pathway, as a counterpart of ROMK in mammals. In this regard, further investigation on KCC1 in the kidney might be an interesting subject for a comprehensive understanding of K ϩ regulation in FW-acclimated teleosts. We also quantified mRNA expression levels of other branchial and renal transporters, which are highly responsible for plasma ion homeostasis (18, 37) . In addition, branchial NKA␣1a and NKA␣1b are suggested to be important for FW-and SW-adaptation, respectively (37) . The mRNA levels of these transporters were not affected by the H-K treatment, suggesting that these transporters do not have important roles in K ϩ regulation in FW-adapted fish, unless there are any posttranslational regulations of the transporters, such as membrane trafficking or phosphorylation (8, 20) .
ROMKa expressed in type I, type III, and type IV ionocytes of tilapia. The protein expression of ROMKa was confirmed by Western blot analysis and immunohistochemistry. In our previous study, Western blot analysis did not detect any ROMKa immunosignals in FW-acclimated tilapia gills, while intense bands were detected in SW-acclimated fish (10) . In this study, the band in the FW sample was again not detectable by Western blot analysis, implying a very low level of the protein expression in FW fish gills or perhaps less affinity of the antibody used against the reduced form of ROMKa. On the other hand, the ROMKa band was detectable in H-K FW and SW samples, suggesting that this protein is more abundantly expressed in these groups than in control FW fish.
The gill filaments of the experimental fish were also subjected to triple-color immunofluorescence staining for NKA/ (3, 17, 23, 24) . The immunofluorescence staining clearly demonstrated that FW tilapia express ROMKa in type III cells, as evidenced by the colocalization of ROMKa with NHE3, but not with NCC2, at the apical membrane of the ionocytes. Consistent with the results of the mRNA quantification study, intense immunosignals of ROMKa protein were detected at the apical membrane of the ionocytes in H-K FW fish. In addition, relatively weak signals of ROMKa were also found in a minor group of cells without NHE3 and NCC2 signals, being identified as type I cells (3, 17, 18) . To further understand the classification of the ROMKa-expressing ionocytes in tilapia, we attempted the triple-color immunofluorescence staining for NKA/ROMKa/CFTR and NKA/ROMKa/NKCC1a in gill filaments of SW-acclimated tilapia. ROMKa was detected in all CFTR-and T4-positive ionocytes, indicating that ROMKa is expressed in type IV ionocytes of SW-acclimated tilapia. Also, we found that type I cells, which are CFTR-and NKCC1a-negative in SW (3, 17, 18) , showed ROMKa signals. In zebrafish, a group of ionocytes, named KS (K ϩ secreting) cells, is known to express exclusively Kcnj1, an ortholog of ROMKa (1). Although it is possible that tilapia type I ionocytes are functionally analogous to zebrafish KS cells, further study will be necessary to identify functional significance of these cells.
Significant role of branchial ROMKa for K ϩ regulation in both FW and SW habitat. Type III ionocytes in FW-acclimated tilapia are considered to transform into type IV cells on SW transfer, and vice versa (3, 15, 18, 25) . In the present study, the fact that ROMKa was found in both cell types further supports the hypothesis that type III and type IV represent the different functional phases of the same ionocyte. Coexpression of ROMKa with NHE3, but not with NCC2, in the ionocytes of FW-acclimated tilapia is also acceptable in evolutionary aspects of ionocytes: while NHE3-expressing ionocytes have been reported in many teleost species, NCC2-expressing ones are considered to be lost (or not acquired) in a wide range of teleost species (18) . Although further studies are needed to confirm ROMK in the gills of other FW-inhabiting fish species, the presence of ROMKa in both SW and FW-type ionocytes in tilapia suggests that branchial K ϩ excretion, separated from hyposmoregulation, is an important physiological mechanism for plasma K ϩ regulation in both SW-and FW-inhabiting fish. The higher expression levels of ROMKa in SW than FW fish (10) may reflect the magnitude of K ϩ excretion in usual conditions. The results of the present study indicate that FWacclimated fish have an ability to excrete K ϩ actively by expressing branchial ROMKa, when body K ϩ becomes excessive. In Fig. 8 , we propose a model of ROMKa-expressing ionocytes in Mozambique tilapia, in reference to previous observations (9, 17, 23, 35) .
Perspectives and Significance
In the present study, we found that FW-acclimated tilapia expressed ROMKa in the gills and upregulated its expression levels in response to H-K stress, while the other transporter mRNA levels quantified did not change. Also, immunohistochemistry revealed that type I, type III, and type IV ionocytes possess ROMKa in the apical membrane, suggesting the role of ROMKa in both FW and SW conditions. These results suggest that the K ϩ regulatory mechanism via branchial ROMKa in fish is independent of salt excretion/absorption phase of the gill. On the other hand, urine K ϩ concentration was significantly elevated in H-K fish; however, our present data do not necessarily provide any evidence of the K ϩ regulatory function in the kidney. While renal ROMK takes important roles in K ϩ secretion and NaCl absorption in mammals (12) , the FWacclimated tilapia kidney expresses very little ROMKs mRNA, but abundant KCC1 mRNA. This difference implies evolutionary shift of the molecular mechanisms of renal K ϩ handling, which should ultimately affect whole ion regulatory systems in the kidney. For these reasons, future studies on vertebrate ion homeostasis need to be redirected toward possible mechanisms of K ϩ handling in the kidneys as well as the extrarenal tissues, such as the gills. 
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